A uniform deposition of a Sn-Zn alloy deposit was achieved by pulse plating. Apparently, the relative composition of Sn and Zn in the deposit was affected by the bath compositions and pulse condition. A pulse-plating condition of 99.9 ms on-time and 1.0 ms off-time gave rise to a eutectic Sn-Zn deposit, with a eutectic temperature of 198.8°C (as analyzed by differential scanning calorimetry) and a uniform composition distribution across the deposit. A mechanism for explaining the pulse-deposition behavior of the Sn-Zn eutectic deposit was proposed. A longer off-time period, 99.9 ms versus 0.1 ms, resulted in a nodular, yet thinner deposit.
I. INTRODUCTION
Sn-Zn alloy plating offers excellent corrosion resistance. 1, 2 The zinc content of the alloy plating may be approximately 25-30% for corrosion-protection applications. 1, 3 In addition to corrosion resistance, Sn-Zn alloy plating also gives ductility, 4 solderability, 2, 4 and lubricity. 5 The eutectic Sn-Zn alloy exhibits a low melting point of 198°C. In addition to corrosion protection, it is being considered as an alternative Pb-free solder to the conventional eutectic Sn-Pb alloy, the eutectic temperature of which is 183°C. The electrodeposition of the eutectic Sn-Zn alloy has been reported 6 using a SnSO 4 -ZnSO 4 bath.
The conventional zinc-deposition process is conducted using a cyanide solution. However, a noncyanide bath is desirable due to environmental concerns. The alkaline stannate-zincate bath 3 gives a fine-grain, semibright deposit. Sulfate baths [6] [7] [8] and neutral gluconate baths 9 have also been broadly investigated. The composition and property of the deposit are manipulated through operating conditions and bath formulations. A fine-grain, semibright deposit was obtained from an alkaline solution. 3 The brightness of the Sn-Zn alloy deposit may be controlled using acetaldehyde and formaldehyde as primary brighteners, and n-propanol as a secondary brightener. 10 A variety of alloy compositions were achieved by the electroplating process. Among these are 75Sn-25Zn, 3 eutectic 91Sn-9Zn, 6 and ∼15-30% Zn-Sn. 9 An investigation of the enhancing current efficiency of Sn-Zn deposition on steel from a gluconate bath found that peptone increased the Zn content of the Sn-Zn alloy deposit. 8, 11 The eutectic Sn-Zn alloy was achievable using a sulfate bath with the assistance of sulfosuccinic acid and polyoxyethylenenonylphenol ether. The polyoxyethylenenonylphenol ether increased the tin deposition. 6 This present study attempted to deposit the eutectic Sn-Zn solder using a pulse-electroplating process.
II. EXPERIMENTAL
The electrolyte solution is composed of ∼0.5-30 g l −1 ZnSO 4 · 7H 2 O, ∼3.7-7.5 g l −1 SnCl 2 , ∼40-80 g l −1 citric acid, 40 g l −1 (NH 4 ) 2 SO 4 , and ∼0-500 parts per million (ppm) polyethylene glycol (PEG). The cathode is a 7.5 × 5.5-cm copper plate. The distance between anode and cathode is 10 cm, while the area ratio is 1:1. The current density applied for the direct current (dc) plating is 0.13 A dm −2 . The peak current density applied for pulse plating varies from 0.24 to 2.4 A dm -2 . The on-time for pulse plating is 99.9 ms, while the off-time is approximately 0.1-99.9 ms. The deposit composition was analyzed by glow discharge spectroscopy. The deposit microstructure was investigated with scanning electron microscopy (SEM). The melting temperature of the deposit was measured with differential scanning calorimetry (DSC).
III. EXPERIMENTAL RESULTS

A. Deposit composition
The deposition behavior of the Sn-Zn bath system investigated in this study is affected by current type. The deposit obtained by dc plating with a current density of 0.13 A dm -2 at various PEG concentrations (∼0.1-0.5 g l -1 ) contains ∼90-95% Sn (Fig. 1) . The plating solution for Fig. 1 Zn segregates at the interface near the Cu substrate, while Sn gathers in the exterior portion of the deposit. These results indicate that dc plating gives rise to the preferential reduction and plating of Zn at the beginning of the plating reaction. An increase in PEG concentration slightly raises the Zn content of the deposit. The present experimental condition and plating bath were unable to produce an alloy deposit with uniform composition, although a deposit of desired eutectic composition could be produced. This deposit is more like a layer structure than a single alloy layer. The deposition behavior is further manipulated with pulse plating that greatly varies the relative Sn-Zn composition and the composition distribution across the deposit. The deposits obtained at a peak current density of 0.24 A dm -2 with an on-time of 99.9 ms and an off-time of 0.1 ms exhibit relatively uniform distribution of Sn and Zn across the deposit (Fig. 3) . The composition of Zn is increased as the concentration of ZnSO 4 rises from 1.5 to 30 g l −1 at a fixed SnCl 2 concentration of 3.745 g l −1 . The highest Zn% of the deposit is approximately 70-75%. An increase in current density is expected to increase the deposition speed. The peak current density was raised to 0.72 A dm -2 when investigating the effect of periodicity, the ratio of the on-time to total period (Fig. 4) . Here the bath contains 1. . obtained at different off-times also exhibit uniform composition throughout the deposit, as compared with the result of Fig. 2. 
B. Deposit microstructure
The deposit produced with an off-time of 0.1 ms and an on-time of 99.9 ms (Fig. 5) shows a uniform thickness of approximately 9 m. This deposit was produced by depositing at 0.72 A dm -2 for 2 h using a bath containing 1.5 g l -1 ZnSO 4 · 7H 2 O and 3.74 g l −1 SnCl 2. The offtime duration also affects the surface morphology of the deposit. Figure 6 shows that the nodular appearance was produced with a longer off-time (99.9 ms) [ Fig. 6(b) ]. A shorter off-time of 0.1 ms resulted in a deposit with a relatively smooth appearance [ Fig. 6(a) ], when the ontime was maintained at 99.9 ms.
C. Thermal behavior of deposit
The conventional 63Sn-37Pb solder is a eutectic composition. A eutectic Pb-free solder is desired for its easiness of process control. The Sn-Zn binary system has a eutectic composition at 91Sn-9Zn. It is seen that the composition of the deposit presented in Fig. 4 is very close to the eutectic composition. The deposit in Fig. 4 profile (Fig. 7) shows a single peak in which the initial temperature rise occurs at 198.84°C. This result indicates that the deposit produced exhibits eutectic behavior. The value given in the literature 12 for the eutectic temperature is 198°C.
IV. DISCUSSION
A. Deposit composition
The codeposition behavior of the alloy, as discussed in a review, 13 was categorized as "normal" and "abnormal." The composition of an alloy following the normal codeposition behavior can be expected from the equilibrium potential of the metals in the solution. On the other hand, an abnormal codeposition refers to the deposition behavior in which the deposit composition differs from that expected from the equilibrium potential. One type of abnormal codeposition is the "anomalous" codeposition that preferentially deposits the less noble metal. The theory of the anomalous codeposition refers to the review work.
14 This behavior applies to the codeposition of Zn-Ni or Zn-Fe, when using dc. 14 The electroplating solution of this present study contains citric acid as the complexing agent. However, there are no equilibrium data available for the complexing reaction among Zn, Sn, and citric acid. The reduction potentials for Zn 2+ and Sn 2+ in the solution can only be calculated based on the experimental concentration and the Nernst equation: These electrochemical data indicate that Sn is more noble than Zn in the present electrolyte solution. However, the dc plating process in this present study preferentially deposited Zn in the beginning of plating experiment (Fig. 2) . This behavior corresponds to the anomalous codeposition behavior. The anomalous codeposition of Zn-Sn observed in this present study needs to be manipulated to achieve a uniform composition distribution of the Zn-Sn deposit.
The preferential deposition of Zn results in a preferential consumption of Zn 2+ in the diffusion layer. Sn is deposited following the initial preferential deposition of Zn, as observed in Fig. 2 . The surface concentration of a deposition system can be modified by pulse plating. 15 For a pulse-plating reaction, the anomalous codeposition can be monitored if the relative surface concentration profile is reconstructed during an off-time. At the beginning of the off-time, the concentration of Zn 2+ and Sn
2+
begins to recover and gradually returns to the original concentration profile. The recovery of the surface concentration of Zn 2+ and Sn 2+ is the result of the diffusion of metal ions from the bulk toward the surface. Afterward, the deposition reaction starts another cycle of anomalous codeposition. Consequently, the deposition reaction takes place alternatively for Zn and Sn. It is thus believed that the on-off pulse operation gives rise to a "layer" structure. By manipulating the periodicity of the pulse plating, the thickness of each layer is so narrow that a "uniform" composition distribution is obtained.
B. Deposit thickness and microstructure
The results of Fig. 4 indicate that the thickness of the deposit is only around 9 m when the off-time is 99.9 ms. This thickness value was estimated from the surface to the point where the Sn and Cu curves meet. However, the deposit thickness obtained at an off-time of 0.1 ms is between 16 and 19 m. A longer off-time means a shorter deposition period, and thus a thinner layer was achieved.
The microstructure of the alloy deposit is a nonequilibrium structure. 16 The deposit obtained in this present study was grown even further away from the equilibrium situation because of the pulse current status. The effect of the off-time on the surface morphology and grain size, here referring to the grain size observed from the top view of the deposit, is different for different metals. The grain size of the Cd deposit was refined by increasing the off-time, while the increase in off-time resulted in grain growth for Cu and for Au. 15 The inhibition in grain growth was ascribed to the adsorption of anion species on the growth center. 15 The growth in grain size for Cu and Au was attributed to recrystallization behavior during off-time whence the metal ion was compensated for by the supply from mass transport. It is seen from Fig. 6 that a longer off-time gave rise to larger grains on the surface. This also may be a result of the recrystallization of the grains, as discussed previously. 15 Accordingly, a smooth deposit was achieved at a smaller off-time condition.
C. Melting temperature of deposit
No other peak appears other than that 198.8°C was detected in the DSC curve up to 235°C, the maximum temperature investigated in this study. The single-peak behavior suggests that the deposit exhibits a single phase before reaching 235°C. Sn exhibits a melting point at 232°C. Thus, the result of the thermal behavior investigation along with the uniform composition distribution [ Fig. 4(c) ] shows that the deposit obtained is actually the eutectic Sn-9Zn alloy. In view of the uniform composition and eutectic characteristic of the achieved deposit, it is suggested that the deposit may be applicable for a Pb-free solder bump production. Any plating that acquires Pb-free solder is also a possible candidate for the eutectic Sn-Zn deposit. One of the areas still worthy of exploration is probably the development of an appropriate flux for the easily oxidizable Sn-Zn plating.
V. CONCLUSION
Pulse plating from a ZnSO 4 · SnCl 2 solution produces Sn-Zn alloy plating. A eutectic Sn-Zn alloy deposit with uniform composition was achieved at a current density of 0.72 A dm −2 with a 1.0-ms off-time from a bath containing 1.5 g l −1 ZnSO 4 · 7H 2 O and 5.617 g l −1 SnCl 2 . An off-time of 99.9 ms gives rise to a larger nodular deposit, while 0.1 ms produces a smooth deposit. Polyethylene glycol enhances the deposition of Zn with dc plating. The dc plating, however, produces a deposit with Zn, which is preferentially deposited in the beginning of the deposition reaction.
